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ABSTRACT 
Measured and c a l c u l a t e d  sphe re  leakage s p e c t r a  i n  t h e  energy range 0 .5  t o  
1 1 M e V  are used as a tes t  of t h e  accuracy of e x i s t i n g  ENDF/B c r o s s  s e c t i o n s .  
I n e l a s t i c  r e a c t i o n s  are  t h e  primary cause  of t h e  l a r g e  s h i f t  i n  t h e  source  
spectrum as i t  t r a v e r s e s  t h e  s p h e r i c a l  s h e l l .  A 50 C i  AmBe source  was  used as 
a source  of f a s t  neut rons  a t  t h e  cen te r  of 22 cm diameter  spheres .  The leakage 
s p e c t r a  were measured a t  a d i s t a n c e  of several hundred c m  us ing  a n  NE213 l i q u i d  
s c i n t i l l a t o r  neutron spectrometer .  
accounted f o r  us ing  a shadow cone. 
us ing  ENDF/B and o t h e r  c r o s s  s e c t i o n s  and an  
code. The s e n s i t i v i t y  of t h e  leakage  s p e c t r a  t o  s m a l l  changes i n  t h e  c r o s s  
s e c t i o n s  has  been ca l cu la t ed .  A comparison between t h e  ca l cu la t ed  and measured 
s p e c t r a  f o r  Mo shows gene ra l  agreement b u t  s i g n i f i c a n t  d i sc repanc ie s  are ob- 
served f o r  W ,  T a ,  and B e .  
Room s c a t t e r e d  neut ron  backgrounds were 
The s p e c t r a  were ca l cu la t ed  w i t h  51  groups 
Sn d i s c r e t e  o r d i n a t e  t r a n s p o r t  
t '  
INTRODUCTION 
A r a d i o a c t i v e  B e  (a ,n)  neutron source  i s  used i n  conjunct ion wi th  a f a s t  
neutron spectrometer  t o  test  c r o s s  s e c t i o n s  i n  t h e  energy range 500 keV t o  
11 MeV. The elements t e s t e d  are of i n t e r e s t  f o r  compact r e a c t o r s  and minimum 
weight s h i e l d s  f o r  s p a r e  power a p p l i c a t i o n s  and inc lude  T a ,  W, Mo, B e .  The 
(a ,n)  source  w a s  placed i n s i d e  spheres  of t h e  test  material and t h e  leakage 
spectrum measured a t  a d i s t a n c e  of about 10 sphere  diameters .  With t h i s  simple 
geometry i t  w a s  p o s s i b l e  t o  make a t r a n s p o r t  c a l c u l a t i o n  w i t h  a l a r g e  number of 
energy groups and t o  reduce t h e  u n c e r t a i n t y  i n  t h e  c a l c u l a t i o n  t o  e s s e n t i a l l y  
t h e  inpu t  c r o s s  s e c t i o n s .  
The leakage s p e c t r a  were measured wi th  a l a r g e  Liquid s c i n t i l l a t o r  which 
has t h e  advantage of high  s e n s i t i v i t y  and a g r e a t  d e a l  is  known about  t h e  re- 
sponse of t h i s  s c i n t i l l a t o r  t o  neut rons .  The r e s o l u t i o n  of t h e  spectrometer  i s  
poorer than  t ime-of-f l ight  measurements bu t  i t  is  f a i r l y  comparable a t  t h e  
h ighes t  ene rg ie s  measured t o  t h e  width of t h e  neut ron  group s t r u c t u r e  of t h e  
l a r g e s t  t r a n s p o r t  c a l c u l a t i o n  w e  can p r e s e n t l y  muster.  
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EXPERIMENT 
The sphe re  leakage s p e c t r a  were measured a t  a sphere-to-spectrometer d i s -  
t ance  of 2 meters wi th  both  t h e  sphere  and spectrometer  l oca t ed  160 c m  above 
t h e  f l o o r  of a l a r g e  room. Background due t o  neut rons  s c a t t e r e d  i n t o  t h e  spec- 
t rometer  from t h e  w a l l s  and suppor t ing  s t r u c t u r e  w a s  accounted f o r  u s ing  a 
shadow cone. This  c o r r e c t i o n  t o  t h e  measurement w a s  n e g l i g i b l e  a t  t h e  h i g h e s t  
neutron ene rg ie s  measured b u t  increased  t o  30% a t  t h e  lowest  energy measured. 
The measurements were made wi th  a l a r g e  s p h e r i c a l  Am-Be neutron source  contain-  
ing  54 C i  of 241Am (16.7 g) and 66.8 grams of B e  i n  a n e t  volume of 84.3 cm3. 
The output  of t h e  source  w a s  (1 .30+0.08)~108 neut rons  per  second. The o u t s i d e  
diameter of t h e  source  i s  6.096 cm and inc ludes  two s t a i n l e s s  steel  containment 
s h e l l s ,  one 0.140-cm t h i c k  and t h e  o the r  0.152-cm t h i c k .  The s p h e r i c a l  c a v i t y  
f o r  the source  material i s  5.462 cm i n s i d e  diameter .  
The neut ron  s p e c t r a  w e r e  measured us ing  a 5 cm x 5 c m  NE213 l i q u i d  sc in-  
t i l l a t o r  pro ton  r e c o i l  spectrometer .  Pu l se  shape a n a l y s i s  and two parameter 
d a t a  a c q u i s i t i o n  were used t o  d i s c r i m i n a t e  a g a i n s t  y r a y  pulses .  A descr ip-  
t i o n  of t h e  spectrometer  and c a l i b r a t i o n  procedures are contained i n  r e f e r -  
ence 1. For a s c i n t i l l a t o r  as l a r g e  as t h a t  used h e r e ,  care must b e  exerc ised  
i n  determining t h e  neut ron  s p e c t r a  from t h e  measured pro ton  r e c o i l  s p e c t r a  due 
t o  m u l t i p l e  s c a t t e r i n g  and carbon i n t e r a c t i o n  i n  t h e  s c i n t i l l a t o r .  
I n  t h e  p re sen t  work t h e  measured proton r e c o i l  s p e c t r a  w e r e  reduced us ing  
t h e  measurements of Verb inski ,  e t  a12 and t h e  unfo ld ing  code, Ferdor3. S ince  
t h e  p re sen t  measurements are i n  an  e s s e n t i a l l y  p a r a l l e l  beam geometry, t h e  
r e fe rence  2 response func t ions  are d i r e c t l y  app l i cab le .  To a s s u r e  t h a t  s m a l l  
d i f f e r e n c e s  i n  S c i n t i l l a t o r  s i z e  o r  spectrometer  r e s o l u t i o n  d id  n o t  cause a 
s i g n i f i c a n t l y  d i f f e r e n t  response ma t r ix  f i t ,  monoenergetic s p e c t r a  were meas- 
ured a t  2.8 and 14.7 MeV and d e t a i l e d  comparison s a t i s f a c t o r i l y  made w i t h  t h e  
r e fe rence  2 response func t iong .  
TRANSPORT CALCULATIONS 
Multigroup c a l c u l a t i o v s  using, t h e  Sn formula t ion  of t h e  neut ron  t r a n s p o r t  
equat ion were used t o  o b t a i n  t h e  Leakage spectrum f o r  a l l  of t h e  experiments 
considered.  
of t h e  test material enc los ing  t h e  Am-Be neutron source.  
source and i t s  s t a i n l e s s  s teel  con ta ine r s  were e x p l i c i t l y  included i n  t h e  calcu-  
l a t i o n s  both  as t o  dimensions and composition. The c a l c u l a t i o n s  were of t h e  
f ixed  source  type  us ing  a n  inpu t  spectrum uniformly d i s t r i b u t e d  throughout t h e  
source  reg ion .  
The c a l c u l a t i o n s  were performed i n  s p h e r i c a l  geometry wi th  s h e l l s  
The Am-Be neut ron  
Fif ty-one energy groups were used t o  d e s c r i b e  t h e  neutron leakage  spectrum 
f o r  t h e  va r ious  experiments considered.  
l e tha rgy  i n t e r v a l  of 0 , l  and covered t h e  energy range of 14.92 MeV t o  0.11 MeV.  
The l a s t  two groups were provided t o  complete t h e  problem d e s c r i p t i o n .  Since 
t h e  inpu t  spectrum i s  zero  above 11 MeV, t h e  f i r s t  t h r e e  groups had no c o n t r i -  
bu t ion  t o  t h e  computed neut ron  leakage spec t r a .  
The f i r s t  49 energy groups had a 
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Microscopic c r o s s  s e c t i o n  d a t a  f o r  t h e  test  materials were obtained 
from ENDF/B and o t h e r  eva lua t ions  f o r  t h e  group s p l i t  used. The e las t ic  
s c a t t e r i n g  c r o s s  s e c t i o n s  f o r  a l l  of t h e  materials included both t h e  Po 
and PI down-scattering t r a n s f e r  c r o s s  s e c t i o n s .  For Mo, T a p  and W t h e  in-  
e las t ic  s c a t t e r i n g  c r o s s  s e c t i o n s ,  as w e l l  as any (n,2n) c r o s s  s e c t i o n s ,  were 
assumed t o  have only t h e  component of t h e  down-scattering t r a n s f e r  c r o s s  
sec t ions .  For B e  t h e  (n,2n) c r o s s  s e c t i o n s  included only t h e  Po down- 
s c a t t e r i n g  t r a n s f e r  c r o s s  s e c t i o n s .  
Po 
Ca lcu la t ions  f o r  t h e  Mo experiment i nd ica t ed  t h a t  a P ( l )  t rea tment  of 
e las t ic  s c a t t e r i n g  was adequate  f o r  computing t h e  neutron leakage spectrum. 
Ca lcu la t ions  i n  which t h e  e las t ic  s c a t t e r i n g  is t r e a t e d  through t h e  
order  and through t h e  P(3) order  d i f f e r  by less than  1 .5  percent  f o r  groups 
15 through 49 (3.3 t o  0 .11 MeV). The d i f f e r e n c e  a t  group 5 (10 MeV) is  about 
4 percent .  
P(1) 
Along wi th  t h e  e l a s t i c  s c a t t e r i n g  o rde r ,  t h e  Sn quadra ture  o rde r  i s  
important.  The c a l c u l a t i o n s  repor ted  h e r e i n  used an Gauss-Legendre 
quadra ture  set. This  set w a s  found t o  g ive  an adequate  d e s c r i p t i o n  of t h e  
leakage spectrum from t h e  s p h e r i c a l  s h e l l s  of t h e  test materials i n  t h a t  a 
higher  order  S32 c a l c u l a t i o n  d i f f e r s  by less than  0.5% f o r  a l l  groups.  
The c a l c u l a t i o n s  r epor t ed  h e r e i n  are based on t h e  t o t a l  number of neu- 
t r o n s  emit ted by t h e  Am-Be source.  The neutrons t r ansmi t t ed  through t h e  
s h e l l s  of t h e  test material per  group are converted t o  f l u x  per  MeV a t  
2 meters - t h e  source- to-detector  pos i t i on .  Then, i n  order  t o  compare t h e  
c a l c u l a t i o n s  wi th  t h e  measured s p e c t r a ,  t h e  r e s o l u t i o n  func t ion  of t h e  spec- 
t rometer  i s  fo lded  wi th  t h e s e  ca l cu la t ed  mult igroup f l u x e s  us ing  a modifica- 
t i o n  of t h e  smoothing subrout ine  i n  Thus, t h e  comparison of t h e  ca l -  
cu la t ed  f l u x e s  wi th  t h e  measured f l u x e s  i s  on an abso lu te  b a s i s  w i t h  no nor- 
ma l i za t ion  requi red .  
05S4. 
RESULTS AND DISCUSSION 
Bare Source 
Rather than  u s e  t h e  measured source  spectrum as t h e  inpu t  spectrum i n  t h e  
t r a n s p o r t  c a l c u l a t i o n s  a modified s m a l l  source  spectrum has been used and t h e  
c a l c u l a t i o n  compared wi th  t h e  source  measurement. 
l a r g e  source  used con ta ins  s u f f i c i e n t  B e  and Fe t o  modify t h e  inpu t  (a ,n)  spec- 
trum. 
of t h e  spec t rometer ,  and f i n a l l y  t h e  group s t r u c t u r e  used w a s  no t  s u f f i c i e n t l y  
f i n e  t o  fo l low t h e  d e t a i l s  of t h e  spectrum above about 8 MeV r e s u l t i n g  i n  some 
disagreement f o r  a l l  s p e c t r a  no t  a t t r i b u t a b l e  t o  c r o s s  sec t ions .  
This  w a s  done because t h e  
I n  a d d i t i o n  t h e  measured source  spectrum i s  smeared by t h e  r e s o l u t i o n  
The measured and ca l cu la t ed  source  spectrum is  shown i n  f i g u r e  1, The 
comparison i s  on an  a b s o l u t e  b a s i s  and t h e r e f o r e  involves  t h e  u n c e r t a i n t y  i n  
t h e  source  s t r e n g t h .  
cen t  less t o t a l  f l u x  above 7 MeV and smoothes out  t h e  measured shape changes 
i n  t h i s  energy r eg ion ,  The (cn,n> s p e c t r a  i s  no t  expected t o  have abrupt  
It i s  genera l ly  good bu t  t h e  c a l c u l a t i o n  has  a few per- 
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changes i n  shape i n  t h i s  reg ion  b u t  i t  does have more s t r u c t u r e  than  can b e  
represented  by t h e  group s t r u c t u r e  used. A t  ene rg ie s  less than 7 MeV t h e  
agreement between t h e  c a l c u l a t i o n  and measurement i s  q u i t e  s a t i s f a c t o r y .  
Mo Sphere 
The measured and ca l cu la t ed  leakage spectrum from a Mo sphere  conta in ing  
The agreement between experiment and calcu-  t h e  source  is shown i n  f i g u r e  2. 
l a t i o n  is  s a t i s f a c t o r y  and similar t o  t h a t  f o r  t h e  b a r e  source.  The sphere  
s i z e  and composition are given i n  Table 1. 
The ENDF/B d a t a  f o r  Mo were compiled by Pennington and Gajniak ( r e f .  5 ) .  
The i n e l a s t i c  c r o s s  s e c t i o n s  from 0.2 t o  1.5 MeV are based on t h e  va lues  of 
Smith and Hayes ( r e f .  6 ) .  These d a t a  are jo ined  t o  t h e  va lues  of Schmidt 
( r e f .  7) a t  2 MeV.  The i n e l a s t i c  d a t a  then  fo l lows  Schmidt va lues  up t o  
10 MeV above which they  are assumed t o  b e  cons tan t .  
as ENDF/B material no. 1025. 
i n  October, 1969. The i n e l a s t i c  c ros s  sect ionsewere not  chapged b u t  t h e  high 
energy (n,y) c r o s s  s e c t i o n s  were reduced approximately 25 percent .  This  re- 
v i sed  Mo d a t a  i s  a v a i l a b l e  as ENDF/B material no. 1111 and w a s  used h e r e i n  f o r  
t h e  leakage spectrum c a l c u l a t i o n .  
This  Mo d a t a  w a s  i s sued  
The Mo d a t a  w a s  f u r t h e r  r ev i sed  by Pennington 
W Sphere 
The measured and ca l cu la t ed  leakage spectrum from t h e  tungs ten  sphere  are 
shown i n  f i g u r e  3. I n  t h e  energy range from 3 t o  6 MeV t h e  c a l c u l a t i o n  i s  
about 10% below. the  measuremeat= 
agreement i s  poor w i t h  t h e  c a l c u l a t i o n  about 35% below t h e  measurement. 
In t h e  energy range from 0.8 t o  2 MeV t h e  
The tungs ten  c r o s s  s e c t i o n  d a t a  used f o r  t h i s  s tudy  w a s  obtained from 
t h e  GAM-I1 ( r e f .  8) d a t a  f i l e s .  This d a t a  is  based on t h e  eva lua t ion  of 
Joanou and Stevens ( r e f .  9 ) .  A new eva lua t ion  by t h e  Nat ional  Neutron Cross 
Sec t ion  Center i s  c u r r e n t l y  i n  progress  f o r  t h e  W i so topes .  However, t h e s e  
d a t a  were n o t  a v a i l a b l e  f o r  i n c l u s i o n  i n  t h e  work of t h i s  paper.  
T a  Sphere 
The measured and two ca l cu la t ed  s p e c t r a  f o r  t h e  tantalum sphe re  are 
shown i n  f i g u r e  4 .  
10% above t h e  measurement which means f o r  t h i s  sphere  s i z e  t h a t  t h e  i n e l a s t i c  
c ros s  s e c t i o n - i s  low by about  LO%, A t  ene rg ie s  below 3 MeV t h e  agreement 
wi th  t h e  ENDF/B c r o s s  s e c t i o n s  i s  poor as i n  t h e  case of tungsten.  
t h e  mass dependent parameter "a" i n  t h e  evaporat ion model from 25 MeV'l as 
used i n  ENDF/B t o  t h e  t h e o r e t i c a l  va lue  of 17.4 MeV-19 b e t t e r  agreement i s  
obtained between t h e  c a l c u l a t i o n  and t h e  measurement. 
In t h e  energy range above 6 MeV t h e  c a l c u l a t i o n  i s  about 
By changing 
The ENDF/B d a t a  f o r  Ta-181 w a s  evaluated by Henderson, DeCorrevont, and 
Zwick ( r e f .  1 0 ) .  This  eva lua t ion  is  based p r imar i ly  on t h e  work of P r ince  
( r e f .  11) which w a s  undertaken i n  support  of t h e  710 Reactor Program a t  
GE-NMPO. 
t i o n s  and a d d i t i o n s ,  as ENDF/B material no. 1035. 
Nat iona l  Neutron Cross Sec t ion  Center i s  c u r r e n t l y  i n  progress  f o r  t h e  T a  
i so topes .  However, t h e s e  d a t a  were n o t  a v a i l a b l e  f o r  i n c l u s i o n  i n  t h e  work 
of t h i s  paper.  
This  T a  d a t a ,  as evaluated i n  r e fe rence  10 ,  w a s  i s sued  w i t h  correc-  
A new eva lua t ion  by t h e  
B e  Sphere 
The sphere  leakage s p e c t r a  f o r  bery l l ium is  shown i n  f i g u r e  5. 
cu la t ed  s p e c t r a  are shown wi th  t h e  measured s p e c t r a  i n  f a i r  agreement wi th  t h e  
lower c a l c u l a t e d  curve bu t  i n  poor agreement wi th  t h e  c a l c u l a t i o n  us ing  
ENDF/B c r o s s  s e c t i o n s .  
Two cal- 
The two c r o s s  s e c t i o n  eva lua t ions  d i f f e r  only i n  t h e  t rea tment  of t h e  
(n,2n) r e a c t i o n .  The c r o s s  s e c t i o n  set l i s t e d  as ENDF/B no, 1007 is  based 
on t h e  eva lua t ion  of Joanou and Stevens ( r e f  12) e This  work provided one 
of t h e  eva lua t ions  f o r  t h e  down-scattering t r a n s f e r  c r o s s  s e c t i o n s  f o r  t h e  
B e  (n,2n) r e a c t i o n .  The o the r  eva lua t ion  of t h e  Be (n,2n) down-scattering 
t r a n s f e r  c r o s s  s e c t i o n s  is based 011 t h e  work of Perk ins  ( r e f .  13) which pro- 
v ides  improved agreement * 
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TABLE 1. - SPHERE COMPOSITION 
20.32 
24 13 
___-__ --- B e  Metal 1.84 
Mo Powder 3.73 22.96 SS (0.05) _________ T a  Metal 1 6  e 60 
W F i n e  b a l l s  11.87 22.96 SS (0.05) 
S h e l l  
thickness 
( cm> 
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8.38 
9.02 
8.38 
S h e l l  t h i c k n e s s  
i n  t o t a l  mean 
f r e e  p a t h s  a t  
2 looF 
B 80; 
Y 60L 
Ln 
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